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Abstract
This paper presents novel moment generating function (MGF)- and characteristic function (CHF)-
based frameworks for the EC performance analysis of a generic Lp-norm diversity combining scheme
under adaptive transmission policies. The considered system operates over generalized fading channels,
a maximum delay constraint and under various channel state information (CSI) conditions. Depending
upon the operational CSI, four policies are studied, namely: i) Constant power with optimal rate
adaptation (ORA); ii) Optimal power and rate adaptation (OPRA); iii) Channel inversion with fixed rate
(CIFR); and iv) Truncated CIFR (TIFR). The Lp-norm diversity is a generic diversity structure which
includes as special cases various well-known diversity schemes, such as equal gain combining (EGC),
maximal ratio combining (MRC) and amplify-and-forward (AF) relaying. Under the ORA and OPRA
policies, we derive single integral expressions for evaluating the EC of Lp-norm diversity reception
directly from the MGF or the incomplete MGF of the Signal-to-Noise-Ratio (SNR) at the receiver,
respectively. For the EC performance evaluation of the EGC and AF relaying systems operating under
the OPRA policy, a CHF-based approach which is computationally more efficient as compared to the
MGF-based approach, is further presented. For the CIFR and TIFR policies, it is shown that the EC
can be directly evaluated from the MGF or the CHF of the SNR at the receiver, respectively. Moreover,
novel closed-form expressions for the EC performance under the ORA policy of dual branch Lp-
norm diversity receivers operating over Gamma shadowed generalized Nakagami-m fading channels are
deduced. For this policy, a novel analytical approach for the asymptotic EC performance analysis is also
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1developed and evaluated, revealing how basic system parameters affect the overall system performance.
The mathematical formalism is validated with selected numerical and equivalent simulation performance
evaluation results, thus confirming the correctness of the proposed analytical methodology.
Index Terms
Amplify-and-forward transmission, delay constraints, diversity receivers, characteristic function,
effective capacity, equal gain combining, fading channels, Lp-norm combining, maximal ratio combining,
moment generating function.
I. INTRODUCTION
Real-time emerging applications such as voice over internet protocol (IP), interactive and
multimedia streaming, interactive gaming, mobile TV and computing are largely delay-sensitive,
which implies that the data will expire if it is not successfully delivered within a certain time
frame. As such, an alternative quality of service (QoS) metric that is able to capture the end-
to-end communication delay is required. Unfortunately, the conventional notion of the Shannon
or outage capacity cannot account for such delay aspects. Thus, the effective capacity (EC) was
introduced in [2] as an alternative metric that quantifies the system performance under QoS
limitations.
In a wireless communication environment, the EC is affected by channel fluctuations due to
fading as well as by the knowledge of the channel state information (CSI) at the transmitter
and the receiver [3]. Under the assumption of such CSI availability, the following power and
rate adaptation policies for the transmitter have been considered in the past (e.g. see [3]–[6]):
i) Constant power with optimal rate adaptation (ORA); ii) Optimal power and rate adaptation
(OPRA); iii) Channel inversion with fixed rate (CIFR) and iv) Truncated CIFR (TIFR).
Recently, EC performance studies have been carried out in connection with single-input single-
output (SISO) systems, multiple-input single-output (MISO) systems with transmit maximal ratio
combining (MRC)1 and relaying systems employing the amplify-and-forward (AF) protocol,
e.g. see [7]–[20]. Specifically, in [7], the EC of MISO systems assuming ORA policy and
1 The SNR at the output of MISO receivers with transmit MRC is essentially the same as that obtained when MRC is
employed in single-input multiple-out (SIMO) systems (divided by a factor equal to the number of transmitting antennas) and as
such they will have the same EC performance. In fact, when full channel state information (CSI) is available at the transmitter,
a MISO system can be viewed as the dual of a SIMO system with MRC.
February 5, 2019 DRAFT
2independent Nakagami-m, Rice and generalized-K channels has been studied. In [8] and [9],
the EC of MISO systems assuming ORA policy and independent κ-µ and η-µ fading channels,
respectively, was investigated. In [10], the EC of multiple-antenna systems under ORA policy
and operating in fading channels with correlation and keyholes has been considered. In [11],
infinite series representations of the EC of MISO systems under ORA policy and operating over
correlated Rice and Nakagami-m fading channels have been derived. The EC of SISO and MISO
systems under ORA policy and operating over Weibull and shadowed κ-µ fading channels has
been addressed in [12], and [13], respectively. The EC of SISO systems under ORA policy and
operating over fluctuating two-ray channels with arbitrary fading parameters has been addressed
in [21].
In [14]–[16], various analytical approaches for the computation of the EC of wireless systems
operating over arbitrary generalized fading channels have been presented. These approaches
utilize the moment generating function (MGF) to deduce single-integral expressions for the EC.
In particular, [14] has presented an MGF-based approach for the EC evaluation of wireless
systems under ORA policy by utilizing a Laplace transform of the MGF of the receiver’s output
signal-to-noise ratio (SNR). In [15], the results of [14] have been extended to the OPRA and
CIFR policies. More recently, in [16], a unified analytical framework for the evaluation of the
EC of MISO systems under ORA policy by employing the so-called H-transform techniques has
been proposed. However, as it will be explained later in this paper, these approaches deal with
MRC receivers and the methodology used in obtaining their performance evaluation results is
not applicable to other diversity schemes.
The EC of AF systems assuming ORA policy has been investigated in [17]–[20]. In [17],
resource allocation schemes that maximize the EC for wireless cooperative relay networks
with QoS guarantees have been proposed. A cross-layer scheme that maximizes the EC of
cooperative AF relaying systems operating under Rayleigh fading was proposed in [18]. In [19],
an MGF-based performance analysis of serial AF relaying systems operating in an arbitrary
fading environment has been proposed. In [20], the EC performance of multi-source multi-
destination AF systems with different precoding schemes has been investigated. However, these
approaches address the EC performance of relaying schemes under the ORA policy only. In fact,
to the best of the authors’ knowledge, an EC performance evaluation of AF relaying operating
over arbitrary fading and under different adaptive transmission schemes is not available in the
open technical literature.
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3Another popular diversity scheme, namely equal gain combining (EGC), is regarded as a
practical alternative to MRC, since its performance is comparable to that of MRC, but exhibits
significantly lower implementation complexity [22, Chapter 9, p. 331]. Nevertheless, to the best of
our knowledge, the EC of EGC receivers operating over arbitrary and/or correlated generalized
fading channels has not been considered in the open technical literature yet. This is mainly
because of the inherent difficulty in obtaining simple, mathematically tractable expressions for
the probability density function (PDF) of the sum of fading envelopes [22, Chapter 9, p. 334].
Moreover, various performance evaluation approaches presented in the past, i.e. [7]–[9], [11]–
[16], are valid only for MRC diversity receivers and thus cannot be applied to the evaluation of
the EC performance of other diversity receivers, such as the EGC.
Motivated by the above, in this paper we follow a more general approach by considering
a signal combining structure, whose output is the Lp-norm of the fading envelopes of each
of the L diversity branches. For this structure, and by developing new MGF- and CHF-based
analytical frameworks, we analyze its EC performance for different adaptive transmission poli-
cies. As it will be detailed in Section II, where the system model will be presented, this is
a generic diversity structure which includes several well known diversity schemes, including
EGC (L1-norm diversity), MRC (L2-norm diversity) and AF transmission (L−2-norm diversity),
as special cases. This generic receiver structure can be used to obtain the EC performance for
a variety of diversity schemes operating over arbitrary fading channels by means of standard
numerical integration techniques, provided that the MGF or the CHF of the p-th power of the
fading envelope, where p is an arbitrary real number, can be obtained. Although our analysis
is general enough to accommodate most of the well-known fading distributions available in the
open technical literature, for performance evaluation purposes, we consider five channel fading
models, namely the Nakagami-m, the Gamma-shadowed generalized Nakagami-m (GSNM), the
generalized gamma (GG), the α-κ-µ and the α-η-µ. Within this generic framework, the main
novel contributions of the paper can be summarized as follows.
• Novel, single integral expressions for the EC performance analysis of Lp-norm diversity
receivers operating under the ORA schemes are deduced. The proposed analysis includes
other previously published MGF-based approaches presented in [14]–[16], where EC per-
formance evaluation results for the MRC receiver over arbitrary generalized fading channels
have been obtained, as special cases. Using these generic expressions, closed-form analytical
results for the EC of dual-branch Lp-norm diversity receivers, operating under GSNM fading
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4channels are further presented. In order to obtain further insights as to how the various
system parameters, such as delay constraints, fading parameters and number of antennas,
affect the EC performance, a novel asymptotic performance analysis is introduced. Using
this approach, the EC of MRC and EGC diversity receivers operating under the ORA scheme
at low- and high-SNR regimes can be conveniently and accurately obtained;
• Assuming operation under the OPRA scheme, novel single-integral expressions for the
computation of the EC of Lp-norm diversity receivers are provided in terms of the incomplete
MGF or the characteristic function (CHF) of the p-th power of the fading envelope, where
p is an arbitrary real number. A computationally efficient CHF-based approach for the
numerical evaluation of the optimal cutoff threshold is further presented;
• Novel analytical expressions for the EC of Lp-norm diversity receivers operating under the
CIFR and TIFR schemes are deduced. These expressions are given in terms of the MGF
and the CHF of the SNR at the receiver output, respectively.
The accuracy of the proposed analytical framework is substantiated with numerical results,
accompanied with equivalent performance evaluation results obtained by means of Monte-Carlo
simulations.
It should be mentioned that part of the research reported here has been uploaded to arXiv on
March 20, 2017 [23]. Although the research reported in [23] has neither been published nor is
considered for publication in a journal, it is important to clearly identify the differences between
these two papers. In [23], the EC of a dispersed spectrum cognitive radio with MRC or EGC
diversity reception and operating under the ORA scheme has been investigated. In our current
paper we introduce a generic Lp-norm receiver structure to evaluate the EC performance of MRC
and EGC diversity receivers as well as that of AF relaying systems under ORA, OPRA, CIFR
and TIFR policies.
It is also important to mention that an initial part of the research reported here has been
presented in a recent conference paper [1] where the exact EC performance of EGC diversity
receivers operating under the ORA policy has been investigated. As will be detailed in Sec-
tion III-A, the proposed, in our current paper, analytical framework for the EC performance
of Lp-norm receivers operating under the ORA policy is much more general, since it includes
the main results presented in [1] as special case. For example, [1, Eq. (5)], which is the main
result presented in [1], can be obtained from the more generic EC performance analysis of
an Lp-norm receiver, which will presented here, by setting p = 1. Moreover, new results for
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5the EC performance of MRC and EGC diversity receivers operating under the ORA policy
will be presented later on in Section III-D, including asymptotic, i.e. for high- and low-SNR
regimes, performance analysis. Another major difference between our two papers is that here
we analytically evaluate the EC performance of Lp-norm receivers operating over generalized
fading channels for three additional adaptive transmission policies, namely OPRA, CIFR and
TIFR. To the best of our knowledge, such performance analysis study has not been published
before in the open technical literature.
The rest of the paper is organized as follows. In Section II, the system and channel models
are introduced. Sections III and IV present analytical expressions for the EC under the ORA and
OPRA policies, respectively. Section V derives analytical results for the EC under CIFR and
TIFR policies. Numerical results are provided in Section VI, validating the proposed analysis.
Finally, Section VII summarizes the paper and its main findings.
Notations: ı =
√−1, Re{·} and Im{·} denote the real and imaginary part respectively, | · |
denotes absolute value, ‖~x‖p denotes the Lp-norm of the vector ~x [24, p. 64], E〈·〉 denotes
expectation, fX(·) denotes the PDF of the random variable (RV) X , FX(x) ,
∫ x
0
fX(t)dt denotes
the cumulative distribution function (CDF) of X , MX(·) denotes the MGF of X , MuX(u, v) ,∫∞
v
exp(−sx)fX(x)dx denotes the upper incomplete MGF of X , Φ(ω) ,
∫∞
v
exp(ıωx)fX(x)dx
denotes the characteristic function (CHF) of X , ∆(k, a) =
{
a
k
, a+1
k
, . . . , a+k−1
k
}
, Ja (·) is the
Bessel function of the first kind and order a [25, Eq. (8.402)], Ia (·) is the modified Bessel
function of the first kind and order a [25, eq. (8.431)], Γ (·) is the Gamma function [25, Eq.
(8.310/1)], γ (·, ·) is the lower incomplete Gamma function [25, Eq. (8.350/1)], u(·) is the unit
step function, En(z) =
∫∞
1
exp(−zt)t−ndt is the exponential integral [25, p. xxxv], Gm,np,q [·] is
the Meijer’s G-function [25, Eq. (9.301)], Gm1,n1:m2,n2:m3,n3p1,q1:p2,q2:p3,q3 is the bivariate Meijer’s G-function
[26], H m,np,q [·] is the Fox’s H-function, [26], H m1,n1:m2,n2:m3,n3p1,q1:p2,q2:p3,q3 is the bivariate Fox’s H-function
[26] and Dp is the parabolic cylinder function [25, Eq. (9.240)].
II. SYSTEM MODEL
Consider an L-branch diversity receiver operating in the presence of arbitrary generalized
fading and additive white gaussian noise (AWGN). Let Rℓ be the fading envelope at the ℓ-th
branch, ∀ℓ ∈ {1, 2, . . . , L}. The Lp-norm of the random vector ~R = {R1,R2, . . . ,RL} is defined
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6as [24, p. 64]
‖~R‖p ,
(
L∑
ℓ=1
Rpℓ
) 1
p
, (1)
where p is a real number2. A generic analytical expression for the instantaneous SNR, γend, at
the output of the Lp-norm diversity receiver can be deduced as [28, Eq. (2)]
γend(~R) = K
Es
N0
(
L∑
ℓ=0
Rpℓ
)q
, (2)
where Es/N0 is the SNR per symbol, with Es being the average symbol energy and N0 the
single-sided power spectral density of the additive white Gaussian noise (AWGN), q is a real
number and K is a constant that depends on the diversity combining scheme. For example, in
(2), for (p, q,K) = (1, 2, 1/
√
L), (p, q,K) = (2, 1, 1) and (p, q,K) = (−2,−1, 1), the EGC,
MRC and AF transmission schemes are obtained, respectively. As far as the queuing model is
concerned, a simple first-input first-output (FIFO) buffer with constant arrival rate (source data
rate) at the transmitter data link layer is considered. Assuming block fading channels, the EC is
defined as [2]
R(θ) , − lim
N→∞
1
N θ T B
ln
[
E
〈
exp
(
−θ
N∑
n=1
S[n]
)〉]
, (3)
where {S[n], n = 1, 2, . . .} is a stationary and ergodic stochastic process that characterizes the
service rate at the source node, θ is the asymptotic decay-rate of the buffer occupancy, B is
the system bandwidth and T the fading block length. When θ is small, this corresponds to a
slow decaying rate thus having less stringent QoS requirements. For larger values of θ, faster
decaying rates occur, which leads to more stringent QoS requirements. By considering ideal
modulation and coding at the physical layer of the source and assuming that the transmitter
sends uncorrelated circularly symmetric zero-mean complex Gaussian signals, the service rate
of the buffer will become the instantaneous channel capacity. Thereafter, and similar to [3],
depending upon whether or not CSI is available at the transmitter and/or receiver, the following
adaptive policies will be considered.
2 In [27], a different Lp-norm was proposed for evaluating the Euclidean distance between two points in the signal constellation
diagram raised to the p-th power. Using this metric, asymptotic bit error rate results were presented in [27] for different diversity
schemes operating in non-Gaussian and interference channels.
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71) Optimal Rate Adaptation (ORA): Under the assumption that CSI is available only at the
receiver, the instantaneous service rate under constant transmitting power and the ORA policy
can be expressed as3
SORA = BT log2(1 + γend). (4)
Therefore, the average EC can be expressed as
RORA(θ) = − 1
θTB
ln
[
E
〈
(1 + γend)
−A
〉]
, (5)
where A = θTB/ ln 2 is the normalized QoS exponent.
2) Optimal Power and Rate Adaptation (OPRA): Under the assumption that CSI is available
at both receiver and transmitter, the instantaneous service rate under an average transmitting
power constraint and the OPRA policy is given by [3]
SOPRA =


BT
A+1
log2
(
γend
γ0
)
if γ ≥ γ0
0, otherwise
, (6)
where γ0 is the optimal cutoff SNR threshold below which no data transmission takes place.
As such, this scheme is characterized by an outage probability Pout(γ0) = 1 − Fγend(γ0) =∫∞
γ0
fγend(x)dx and satisfies the following equation [3, Eq.(9)]
E
〈 1
γ
A
A+1
0 γ
1
A+1
end
− 1
γend

u(γend − γ0)
〉
= 1. (7)
The EC can be deduced as
ROPRA(θ) = − 1
θTB
ln
[
E
〈(
γend
γ0
)− A
A+1
u(γend − γ0)
〉
+ Fγend(γ0)] . (8)
3) Channel Inversion with Fixed Rate (CIFR): In this case, the transmit power is varied so
that the SNR at the receiver remains constant, i.e. the channel is “inverted”. The instantaneous
service rate is given as [3]
SCIFR = log2
(
1 +
1
E 〈1/γend〉
)
. (9)
It is noted that when CIFR is employed, the transmission channel is equivalent to a time-invariant
AWGN channel with SNR = E 〈1/γend〉. Thus, the fading channel capacity is constant so that the
3Here and for the rest of the paper, the discrete time index, n, is omitted for the simplicity of the presentation.
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8EC can be readily obtained using (9). As θ →∞ the OPRA policy converges to the CIFR [3].
This means that for large values of θ, i.e. for stringent delay constraints, the transmitter allocates
power in order to maintain a fixed transmission rate regardless of the channel conditions.
4) Truncated Channel Inversion with Fixed Rate (TIFR): Despite the simplicity of the CIFR
technique, it suffers from an increased capacity loss under severe fading conditions, e.g. under
Rayleigh fading. A possible solution to this problem is to invert the channel capacity above a
cutoff threshold, γ0. This policy is referred to as truncated channel inversion with fixed rate
(TIFR) and its instantaneous service rate is given by [3]
STIFR = log2
(
1 +
1
E 〈u(γend − γ0)/γend〉
)
[1− Pout(γ0)] . (10)
Following a similar line of arguments as for the case of the CIFR policy, the EC under TIFR
policy can be readily obtained using (10).
Considering all four adaptive transmission policies and assuming arbitrarily distributed Rℓ,
the analytical evaluation of the expectations in (5), (7), (8), (9) and (10) involves the numerical
evaluation of L-fold integrals, whose exact analytical expressions depend upon the employed
adaptive transmission policy. Clearly, the evaluation of such integrals becomes prohibitively
complex even for small values of L. In fact, even beyond three diversity branches, i.e. L > 3,
these evaluations become, not only computationally intractable, but also numerical results may
not even converge.
In order to solve these cumbersome statistical problems, in this paper, we present novel MGF-
and CHF- based frameworks for the numerical evaluation of R(θ) that provide generic single-
integral expressions for the EC of Lp-norm diversity combiners operating over generalized fading
channels. In particular, for the case of the ORA policy, we propose a novel analytical approach
for the evaluation of the EC in terms of only the MGF of γend. For the case of the OPRA policy,
we first propose a novel single-integral expression to compute EC in terms of the incomplete
MGF of γend. For the same policy, an alternative CHF-based approach for the evaluation of the
EC in terms of the CHF of γend is further presented. As it will be explained in Section IV,
the proposed CHF-based approach is computationally more efficient for the EC evaluation of
EGC diversity receivers and AF transmission systems under the OPRA policy as compared to
the MGF-based approach. Moreover, a CHF-based approach for the evaluation of the optimal
cutoff threshold is deduced. Finally, for the CIFR and TIFR cases, novel MGF- and CHF-based
analytical approaches for the evaluation of the EC in terms of a single integral are presented.
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9III. EC UNDER OPTIMAL RATE ADAPTATION (ORA)
In this section, we first present exact single integral expressions for the evaluation of the
EC of Lp-norm diversity combiners over generalized fading channels under the ORA policy.
Based on the newly derived formulas, for the special case of dual diversity receivers, closed-
form expressions for the EC performance of MRC and EGC diversity receivers operating over
GSNM fading channels are also derived. The motivation behind the selection of the GSNM
fading distribution is its versatility, as it includes as special or limiting cases the Nakagami-m,
the generalized gamma, the generalized-K and the log-normal distribution [28]. Moreover, it can
accurately model wireless propagation in high frequency (60 GHz and above) communication
systems [28]. For the special cases of generalized-K and Nakagami-m fading, closed-form
analytical expressions for the EC of dual branch EGC diversity receivers are further presented.
Finally, an asymptotic EC performance analysis for MRC and EGC diversity receivers which
becomes tight at low- and high-SNR values is carried out.
A. Exact EC Performance Analysis
An MGF-based approach for the evaluation of the EC of diversity receivers under the ORA
policy can be deduced as follows.
Proposition 1. Under the ORA policy, the EC of Lp-norm diversity receivers over arbitrary not
necessarily independent nor identically distributed generalized fading channels can be expressed
in terms of a single integral as
RORA(θ) = (11)

− 1
θTB
ln
[∫∞
0
Cq(u)M~Rp(Ku)du
]
, q > 0
− 1
θTB
ln
[
− ∫∞
0
Cq(u)
∂M~Rp(Ku)
∂u
du
]
, q < 0
where M~Rp(u) = E〈exp(−u
∑L
ℓ=1Rp)〉 is the joint MGF of the p-th exponent of the random
vector ~R, and the function Cq(u) is given by
Cq(u) =


u−1
qΓ(A)
H1,11,2
[
u
∣∣∣ (1,1/q)(A,1/q),(1,1)] , q > 0
1
|q|Γ(A)
H1,11,2
[
u
∣∣∣ (1−A,1/|q|)(0,1/|q|),(0,1)] , q < 0.
(12)
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Proof. Let us first consider the case where q > 0, define the RV X ,
∑L
ℓ=1Rp and use
the auxiliary function Cq(u) = L
−1
{
(1 + xq)−A ; x; u
}
. By considering the identity [29, Eq.
(8.4.2.5)]
(1 + xq)−A =
1
Γ(A)
G1,11,1 [x
q |1−A0 ]
=
1
Γ(A)
H1,11,1
[
xq
∣∣∣(1−A,1)(0,1) ] , q > 0
(13)
and employing [30, Eq. (3.38.1)] and [26, Eq. (2.21), Eq. (1.58), Eq. (1.59)], Cq(u) can be
deduced as (12). Furthermore,
E
〈
(1 +Xq)−A
〉
=
∫ ∞
0
fX(x)g(x)dx
=
∫ ∞
0
fX(x)
[∫ ∞
0
exp(−xu)Cq(u)du
]
dx
=
∫ ∞
0
Cq(u)
[∫ ∞
0
exp(−xu)fX(x)dx
]
du
=
∫ ∞
0
Cq(u)MX(u)du,
yielding the first case of (11). For q < 0, by employing the identity
MX(u) = −
∫ ∞
0
J0(2
√
tu)
∂M1/X(t)
∂t
dt, (14)
Cq(u) can be deduced as
Cq(u) =
u−1
|q|Γ(A)
∫ ∞
0
J0(2
√
ut)
×H1,11,2
[
t
∣∣∣ (1,1/|q|)(A,1/|q|),(1,1)] dt.
(15)
By employing [26, Eq. (2.45)], Cq(u) can be obtained in closed form yielding the second case
of (12) which completes the proof.
It is noted that for the special case of independent Rℓ, M~Rp(Kp,qu) can be expressed as the
product of the MGFs of Rp, i.e. M~Rp(Kp,qu) =
∏L
ℓ=1MRpℓ (Kp,qu).
Using Proposition 1, for the cases of MRC and EGC diversity receivers, i.e. for q = 1 and
2, respectively, it can be shown that Cq(u) can be expressed in terms of exponential and Bessel
functions. Specifically, for q = 1, by employing [29, Eq. (8.4.3.1)], [29, Eq. (8.2.2.8)] and [29,
Eq. (8.2.2.16)], Cq(u) can be deduced as
CMRCq (u) = u
A−1 exp(−u), (16)
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which is identical to [16, Eq. (8)], [31, Eq. (5)] and [14, Eq. (7)]. For q = 2, by employing [29,
Eq. (8.4.19.1)], [29, Eq. (8.2.2.8)] and [29, Eq. (8.2.2.16)], Cq(u) can be deduced as
CEGCq (u) =
√
π
(u
2
)A−1/2
JA−1/2(u), (17)
which is identical to [1, Eq. (5)]. Finally, for q = −1, by employing [29, Eq. (8.4.45.1)], Cq(u)
can be deduced as
CAFq (u) = 1F1(A, 1,−u), (18)
which is identical to [19, Eq. (3)].
Note that (16) has been derived in [14] and [16] for the EC performance of MISO systems
with transmit MRC over arbitrary generalized fading channels by using [25, Eq. (1.512/4)] and
the definition of the MGF. However, our approach is more general as it includes the results of
[14] and [16] as special cases4.
B. Computational Issues
In the case of MRC and AF transmission, the numerical evaluation of EC is rather straightfor-
ward because CMRCq (u) and C
AF
q (u) are smooth and well-behaving functions. Specifically, EC
can be evaluated numerically by employing a Q-point Gauss-Chebyshev quadrature technique.
Alternatively, standard built-in functions for numerical integration available in the most popular
mathematical software packages, such as MATLABTM, MAPLETM or MATHEMATICATM
can also be used. However, in order to obtain the EGC performance, the numerical evaluation
of a Hankel transform is required, rendering the evaluation considerably more difficult since
CEGCq (u) is oscillatory. Nevertheless, efficient methods for the numerical evaluation of the Hankel
transform are available in [32]. Thus, the integrals in (11) are first expressed as∫ ∞
0
CEGCq (u)M~Rp(Ku)du =
∞∑
k=0
∫ uk+1
uk
CEGCq (u)M~Rp(Ku)du, (19)
where u0 = 0 and uk is the k-th zero of JA−1/2(u), for k ≥ 1. It is noted that the series in
(19) are alternating so that a large number of terms may be required to achieve a sufficient
numerical accuracy. Fortunately, by invoking a convergence acceleration algorithm, these series
4We became aware of [14] after we have completed the research reported in [23]. It is also noted that [16] does not give
reference to [14].
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can be transformed into another faster converging series using the so-called Epsilon algorithm
[33]. This algorithm generates a two-dimensional array called the ǫ-table with entries ǫ
(k)
r , where
r is the column index and k the location down the column. At the initialization phase, the first
column is set to zero as ǫ
(k)
−1 = 0, ∀k > 0 and the second column is set to the given partial sums
sk of (19), i.e. ǫ
(k)
0 = sk, k = 0, 1, . . . , N − 1, where N is the number of truncation terms. The
remaining elements of the ǫ-table are deduced as
ǫ
(k)
r+1 = ǫ
(k+1)
r−1 +
1
ǫ
(k+1)
r − ǫ(k)r
, r = 1, 2, . . . . (20)
The even columns of the ǫ-table contain increasingly accurate estimates of the infinite series.
C. Closed-Form Expressions for Dual Diversity Receivers
In this section, by employing the MGF-based approach presented in Proposition 1, closed-
form expressions for the EC performance of dual, i.e. L = 2, diversity receivers are presented.
Hereafter, it is assumed that these dual diversity receivers operate in the presence of GSNM fading
channels and AWGN. Thus, the MGF of the GSNM envelope distribution can be expressed as
[28, Eq. (26)], [34, Eq. (2.3)]
MRpℓ (u) =
2
Γ(msℓ)Γ(mℓ)
×H2,11,2
[(
bℓmsℓ
Ωsℓ
)p
1
u2
∣∣∣ (1,2)(msℓ,p), (mℓ,2p/βℓ)
]
,
(21)
where mℓ (0.5 ≤ mℓ < ∞) and βℓ (0 ≤ βℓ < ∞) are the fading figure and the shaping factor,
respectively, msℓ (0.5 ≤ msℓ <∞) and Ωsℓ (0 ≤ Ωsℓ <∞) denote the severity and the average
power of shadowing, respectively, and bℓ = Γ(mℓ + 2/βℓ)/Γ(mℓ).
In the following proposition, a generic expression for the EC of Lp-norm receivers operating
over GSNM fading channels will be presented.
Proposition 2. The EC of Lp-norm diversity receivers operating over GSNM fading channels is
given as (22).
Proof. From the definition of the Fox’s H-function and by using the duplication formula for the
gamma function [25, Eq. (8.335/1)], the MGF in (21) can be expressed in terms of a Mellin-
Barnes contour integral as
MRpℓ (u) =
Cℓ
2πı
∫
Cℓ
Γ(−t)Γ
(
1
2
− t
)
× Γ(msℓ + pt)Γ
(
mℓ +
2p
βℓ
t
)
z−tℓ u
2tdt,
(23)
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RORA(θ) = − 1
θTfB
ln
{
(2π)q/2−1/2√
qΓ(ms1)Γ(ms2)Γ(m1)Γ(m2)Γ(A)π
H 0,1:2,2:2,2q,0:2,2:2,2
[(
Ωs1
b1ms1
)p
K2q4
4
,
(
Ωs2
b2ms2
)p
K2q4
4∣∣∣(1−A; 2q , 2q )( 1q ; 2q , 2q ),( 2q ; 2q , 2q ),...,( q−1q ; 2q , 2q )
−
∣∣∣∣(1−ms1,p),
(
1−m1,
2p
β1
)
( 12 ,1),(1,1)
∣∣∣∣(1−ms1,p),
(
1−m1,
2p
β1
)
( 12 ,1),(1,1)
]}
, q > 0.
(22)
where Cℓ = [
√
πΓ(msℓ)Γ(mℓ)]
−1 and zℓ = 4(bℓmsℓ/Ωsℓ)
p and Re{t} < −min{msℓ/p,mℓβℓ/(2p)}.
By substituting (23) into (11), the following integral should be evaluated
J =
[
2∏
ℓ=1
Cℓ
]
1
(2πı)2
∫ ∞
0
∫
C1
∫
C2
2∏
ℓ=1
[
Γ(−tℓ)Γ
(
1
2
− tℓ
)
× Γ(msℓ + ptℓ)Γ
(
mℓ +
2p
βℓ
tℓ
)
z−tℓℓ (Kp,qu)
2tℓCq(u)
]
× dt1dt2du.
(24)
By employing the H-function representation of the auxiliary function Cq(u), as well as [26, Eq.
(2.8)], the integral with respect to u can be evaluated in closed form as∫ ∞
0
Cq(u)u
2t1+2t2du =
Γ(A+ 2t1/q + 2t2/q)Γ(−2t1/q − 2t2/q)
Γ(−2t1 − 2t2) ,
(25)
where Re{A + 2t1/q + 2t2/q} > 0 and Re{−2t1/q − 2t2/q} > 0. By further employing the
multiplication formula of the Gamma function [25, Eq. (8.335/1)], I can be expressed as the
following two-fold Mellin-Barnes contour integral
J = − D
4π2
∫
C1
∫
C2
φ(t1, t2)φ1(t1)φ2(t2)x
t1
1 x
t2
2 dt1dt2, (26)
where
D = (2π)
q/2−1/2
√
qΓ(ms1)Γ(ms2)Γ(m1)Γ(m2)Γ(A)π
, (27a)
φ(t1, t2) =
Γ(A+ 2t1/q + 2t2/q)∏q
i=2 Γ
(
i−1
q
− 2t1/q − 2t2/q
) , (27b)
φℓ(tℓ) = Γ(msℓ + ptℓ)Γ
(
mℓ +
2ptℓ
βℓ
)
Γ(0.5− tℓ)Γ(−tℓ), (27c)
xℓ =
(
Ωsℓ
bℓmsℓ
)p K2p,qq4
4
. (27d)
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RORA(θ) = − 1
θTfB
ln
{
1√
πΓ(ms1)Γ(ms2)Γ(m1)Γ(m2)Γ(A)
G 0,1:2,2:2,22,0:2,2:2,2
[
Ωs1
m1ms1
Es
2N0
,
Ωs2
m2ms2
Es
2N0∣∣∣1−A; 12 ,
−
∣∣∣1−ms1,1−m11
2
,1
∣∣∣1−ms2,1−m21
2
,1
]}
(28)
RORA(θ) = − 1
θTfB
ln
{
1√
πΓ(m1)Γ(m2)Γ(A)
G 0,1:2,1:2,12,0:1,2:1,2
[
Ωs1
m1
Es
2N0
,
Ωs2
m2
Es
2N0
∣∣∣1−A; 12 ,−
∣∣∣1−m11
2
,1
∣∣∣1−m21
2
,1
]}
(29)
Finally, from the definition of the bivariate H-function [26, Eq. (2.56)-(2.60)], (22) is readily
obtained, which completes the proof.
Note that the bivariate H-function can be efficiently evaluated by using the Matlab algo-
rithm presented in [35]. Based on Proposition 2, the EC of diversity receivers for several well
known fading models, such as the generalized-K and the Nakagami-m, can be readily evaluated.
For example, let us consider a dual-branch EGC diversity receiver over generalized-K fading
channels. In this case, by selecting βℓ = 2, p = 1, q = 2 in (22) and by observing that the
bivariate H-functions reduce to bivariate Meijer G-functions, EC is deduced as in (28). For
dual EGC diversity receivers operating over Nakagami-m fading channels, by setting msℓ →∞
and employing the identity limx→∞ x
−uΓ(x + u)/Γ(x) = 1 [25, Eq. (8.328)] along with the
Mellin-Barnes integral representation of (22), EC is deduced as (29). Note that a Mathematica
implementation of the bivariate G-function is available in [36].
D. Asymptotic Performance Analysis
In this section, the asymptotic, i.e. at the high- and low-SNR regimes, EC performance of MRC
and EGC diversity receivers, will be assessed. Through this analysis, performance bounds which
provide useful insights as to how the different system parameters are affecting EC performance,
will be obtained.
Proposition 3. Let us assume that, for u→∞, M~Rp(u) can be approximated as
M~Rp(u) = Cu−d + o(u−d), (30)
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where C and d represent constants and o(x) denotes a term ultimately smaller than x. Then, for
high SNR values, the EC of MRC and EGC diversity receivers can be approximated as
RORAMRC(θ) =
d
θTB
[
ln(Es/N0)− 1
d
ln
CΓ(A− d)
Γ(A)
]
, A > d (31)
and
RORAEGC(θ) =
d
2θTB
[ln(Es/N0)− lnL
−2
d
ln
2−d
√
πCΓ(A− d/2)
Γ(A)Γ (0.5 + d/2)
]
, d/2 < A < d+ 1,
(32)
respectively.
Proof. Following [37], for high SNR values, M~Rp(u) can be approximated for u → ∞ as in
(30). Then, by substituting (30) into (11), and employing (16) and (17) along with [25, Eq.
(6.561/14)] and the definition of the gamma function, asymptotic expressions for the EC of
MRC and EGC diversity receivers can be deduced as (31) and (32), respectively.
As it can be observed, both asymptotic expressions in (31) and (32) are of the form
RORA(θ) = S∞(log2(Es/N0)− L∞), (33)
where S∞ is the high-SNR slope, defined as [38]
S∞ , lim
Es/N0=0
R(θ)
Es/N0
(34)
and L∞ the high-SNR power offset defined as [38]
L∞ , lim
Es/N0=0
(
log2(Es/N0)−
R(θ)
S∞
)
. (35)
Using (30), S∞ and L∞ can be obtained in a straightforward manner for any fading model,
provided that the MGF M~Rp(u) is readily available.
Next, the low-SNR performance of the considered system is assessed in terms of the minimum
normalized energy per information bit required to reliably convey any positive rate as well as
of the wide-band slope [38].
Proposition 4. The low-SNR EC performance of diversity receivers can be assessed by using a
second-order expansion of the EC around Es/N0 → 0+ as
RORA(θ) = R˙(0)
Es
N0
+
R¨(0)
2
(
Es
N0
)2
+ o
(
Es
N0
)
, (36)
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where R˙(0) and R¨(0) denote the first and second order derivatives of the EC with respect to
the SNR, Es/N0, and are given by
R˙(0) =
K
ln 2
(−1)p ∂
pM~Rp(u)
∂up
∣∣∣∣
u=0
(37)
R¨(0) = −K
2(A+ 1)
ln 2
∂2pM~R2p(u)
∂u2p
∣∣∣∣
u=0
+
AK2
ln 2
(
∂pM~Rp(u)
∂up
∣∣∣∣
u=0
)2
.
(38)
Proof. Using [7, Eq. (22)], R˙(0) and R¨(0) can be respectively expressed as
R˙(0) =
K
ln 2
E〈~Rp〉 (39)
R¨(0) = −K
2(A+ 1)
ln 2
E〈~R2p〉+ A
L1−p+q ln 2
(
E〈~Rp〉
)2
. (40)
The expectations in (39) and (40) can be readily expressed in terms of M~Rp(u) as [39, Eq.
(5.67)]
E〈~Rnp〉 = (−1)n ∂
nM~Rp(u)
∂un
∣∣∣∣
u=0
. (41)
yielding (37) and (38), thus completing the proof.
As it was pointed out in [7], R˙(0) and R¨(0) are related to two metrics, namely to the
minimum normalized energy per information bit required to reliably convey any positive rate
and to the wide-band slope [38]. When QoS constraints are considered, these metrics can be
defined respectively as [7, Eq. (19)]
Eb
N0min
,
1
R˙(0)
, and S , −
2 ln 2
[
R˙(0)
]2
R¨(0)
. (42)
Finally, it is underlined that the above asymptotic performance analysis for both high- and low-
SNR regimes is valid for all well-known fading distributions under the condition that the MGF
of ~Rp, M~Rp(u), exists.
IV. EC UNDER OPTIMAL POWER AND RATE ADAPTATION (OPRA)
In this section, we propose novel MGF- and CHF-based frameworks for the evaluation of the
EC and the optimal cutoff threshold under the OPRA policy.
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A. MGF-based EC computation
An MGF-based approach for the evaluation of the EC of diversity receivers under the OPRA
policy can be deduced as follows.
Proposition 5. Under the OPRA policy, the EC of Lp-norm diversity receivers over arbitrary not
necessarily independent nor identically distributed generalized fading channels can be expressed
as
ROPRA(θ) = − 1
θTB
ln
[
1
Γ(qλ)
∫ ∞
0
vλq−1MuX (v/δ, δ) dv
+ FX(δ)] , q > 0, (43)
where λ = A/(A + 1), δ = (γ0/k)
1/q, k = KEs
N0
, X ,
∑L
ℓ=1Rp, MuX (v/δ, δ) is the upper
incomplete MGF of X .
Proof. By observing that γend = kX
q, the evaluation of the expectation in (8) requires the
evaluation of the following integral
K =
∫ ∞
δ
(
kxq
γ0
)−λ
fX(x)dx. (44)
Changing the variables x = u(γ0/k)
1/q and u = y + 1, K can be written as
K = δ
∫ ∞
0
(1 + y)−λqfX(δ(1 + y))dy. (45)
Using the identity
(1 + y)−λq/Γ(λq) =
∫ ∞
0
e−(y+1)vvλq−1dv, (46)
yields
K = δ
Γ(λq)
∫ ∞
0
[∫ ∞
0
e−(y+1)vvλq−1dv
]
fX(δ(1 + y))dy
=
δ
Γ(λq)
∫ ∞
0
vλq−1
[∫ ∞
0
e−(y+1)vfX(δ(1 + y))dy
]
dv.
Again, changing the variables δ(1 + y) = w in the inner integral yields∫ ∞
0
e−(y+1)vfX(δ(1 + y))dy
=
1
δ
∫ ∞
δ
e−wv/δfX(w)dw =
1
δ
Mu
(v
δ
, δ
)
. (47)
The term FX(δ) =
∫ δ
0
fX(x)dx can be readily obtained by changing the variables γend = kX
q
in the integral
∫ γ0
0
fγend(γ)dγ yielding (43), which completes the proof.
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Note that FX(δ) is not directly expressed in terms of the MGF or the incomplete MGF of X .
Nevertheless, FX(δ) can be computed by numerically evaluating the inverse Laplace transform
of MX(s)/s as [40, eq. (16)]
FX(δ) = 2
−J exp
(
Q
2
) J∑
j=0
(
J
j
)N+J∑
n=0
(−1)nβn
× ℜ
{MX [(Q+ ı2nπ) (2δ)−1]
Q+ ı2nπ
}
,
(48)
where N + J is the number of evaluation points, Q is an arbitrary parameter that controls the
approximation error and
βn =

 1, if n = 02 if n = 1, 2, . . . , N + J. (49)
Note that Proposition 5 provides a computationally efficient framework for the evaluation of the
EC under the OPRA policy provided that the incomplete MGF ofX is readily available. Although
the MGF-based approach for the performance analysis of wireless communication systems
is well-established in the open technical literature, there are relatively few works addressing
performance analysis using the incomplete MGF. For example, in [4], four computationally
efficient methods for the evaluation of the incomplete MGF have been proposed. All those
methods require the evaluation of the MGF of the end-to-end SNR. More recently in [41] an
MGF-based approach for the computation of the incomplete MGF of arbitrarily distributed RVs
has been proposed.
On the other hand, the proposed approach suffers from two drawbacks. Firstly, the incomplete
MGF is, in general, difficult to be computed in closed form for values of p 6= 2 and q 6= 1.
In fact, closed-form expressions for the incomplete MGF are available in the open technical
literature only for p = 2 and q = 1, i.e. for MRC diversity receivers. Secondly, the incomplete
MGF of the end-to-end SNR of an Lp-norm receiver with statistically independent branches
cannot be expressed as the product of the incomplete MGFs of the individual branches.
In an effort to overcome these drawbacks, an alternative CHF-based approach for the evaluation
of EC under the OPRA policy, which is valid for all values of p, will be presented next. An
additional advantage of this novel CHF-based approach is the fact that FX(δ) can be directly
expressed in terms of the CHF of γend, thus overcoming the need to numerically evaluate inverse
Laplace transforms.
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B. CHF-based EC computation
A CHF-based approach for the evaluation of the EC of diversity receivers under the OPRA
policy can be deduced as follows.
Proposition 6. Under the OPRA policy, the EC of Lp-norm diversity receivers can be deduced
as
ROPRA(θ) = − 1
θTB
ln
[
1
π
Re
{∫ ∞
0
ΦX
(ω
δ
)
Eλq (ıω) dω
}
+
1
2
− 1
π
∫ ∞
0
Im {ΦX (ω) exp(−ıδω)}
ω
dω
]
, q > 0,
(50)
and
ROPRA(θ) = − 1
θTB
ln
[
1
π
Re
{∫ ∞
0
ΦX (ωδ) (ıω)
−1−
A|q|
1+A
× γ
(
1 +
A|q|
1 + A
, ıω
)
dω
}
+
1
2
+
1
π
∫ ∞
0
Im {ΦX (ω) exp(−ıω/δ)}
ω
dω
]
, q < 0,
(51)
where X is defined in Proposition 5.
Proof. For q > 0, by following a similar line of arguments as in the proof of Proposition 5, the
integral K can be expressed as
K = δ
∫ ∞
0
(1 + y)−λqfX(δ(1 + y))dy
= δ
∫ ∞
1
y−λqfX(δy)dy.
(52)
Using the Parseval’s theorem, integrals of the form
∫∞
1
fX(δy)
yν
dy can be evaluated as∫ ∞
1
fX(δy)
yν
dy =
1
πδ
Re
{∫ ∞
0
ΦX
(ω
δ
)
Z(ω)dω
}
, (53)
where Z(ω) = ∫∞
1
exp(−ıωy)y−νdy = Eν (ıω). Setting ν = λq yields the first integral in (50).
Moreover, by employing the inversion theorem [42], one obtains5
FX(δ) =
1
2
− 1
π
∫ ∞
0
Im {ΦX (ω) exp(−ıδω)}
ω
dω,
5It is noted that in [4] an alternative method for the computation of FX(δ) is proposed as in [4, Eq. (63)]. However, through
extensive numerical evaluation trials, we came to the conclusion that [4, Eq. (63)] suffers from numerical instabilities. Therefore,
for the computation of FX(δ) we have used the inversion theorem, which is numerically much more stable comparing to [4,
Eq. (63)].
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thus yielding the second integral in (50).
For q < 0, after performing some straightforward mathematical manipulations, the integral K
can be expressed as
K = 1
δ
∫ 1
0
yλqfX(y/δ)dy. (54)
Using the Parseval’s theorem, integrals of the form
∫ 1
0
fX(y/δ)y
νdy can be evaluated as∫ 1
0
fX(y/δ)y
νdy =
δ
π
Re
{∫ ∞
0
ΦX (ωδ)W(ω)dω
}
, (55)
where W(ω) = ∫ 1
0
exp(−ıωy)yνdy = (ıω)−1−nγ (1 + ν, ıω). Setting ν = λq yields the first
integral in (51). The second integral in (51) can be easily obtained by employing the inversion
theorem, thus completing the proof.
C. CHF-based calculation of the optimal cutoff threshold
In what follows, a CHF-based approach for the calculation of the optimal cutoff threshold,
γ0, will be presented.
Proposition 7. The optimal cutoff threshold, γ0, can be deduced as the solution of the following
equation
Re
{∫ ∞
0
ΦX
(ω
δ
) [
E qA
A+1
(ıω)− Eq (ıω)
]
dω
}
= πγ0, q > 0, (56)
and
Re
{∫ ∞
0
ΦX (ωδ)
[
(ıω)−1−
qA
A+1γ
(
1 +
qA
A+ 1
, ıω
)
− (ıω)−1−qγ (1 + q, ıω)] dω} = πγ0, q < 0,
(57)
where X is defined in Proposition 5.
Proof. Observing that γend = kX
q, by performing the change of variable x = δy and some
straight forward mathematical manipulations, (7) can be expressed as∫ ∞
1
fX(δy)
(
1
y
Aq
A+1
− 1
yq
)
dy =
γ0
δ
, q > 0, (58)
and ∫ 1
0
fX(y/δ)
(
y
Aq
A+1 − yq
)
dy = γ0δ, q < 0. (59)
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The integrals in (58) and (59) can be readily evaluated by employing the Parseval’s theorem
and following a similar line of arguments as in the proof of Proposition 6, thus completing the
proof.
V. EC UNDER CHANNEL INVERSION WITH FIXED RATE (CIFR) AND TRUNCATED
CHANNEL INVERSION WITH FIXED RATE (TIFR)
As already pointed out in Section II, the EC under CIFR and TIFR policies is identical to
the service rate, S, which equals to the instantaneous Shannon’s capacity. Therefore, for the
MRC diversity receivers, the EC under CIFR and TIFR policies is given by [4, Theorem 3]
and [4, Theorem 5]. In what follows, we extend these results to Lp-norm diversity receivers.
Specifically, an MGF-based approach for the evaluation of the EC of diversity receivers with
channel inversion can be deduced as follows.
Proposition 8. The EC of Lp-norm diversity receivers under the CIFR policy over arbitrary not
necessarily independent nor identically distributed generalized fading channels can be expressed
as
RCIFR(θ) = log2
(
1 +
1
1
kΓ(q)
∫∞
0
uq−1MX(u)du
)
, q > 0, (60)
and
RCIFR(θ) =
log2
(
1 +
1
1
kΓ(〈|q|〉)
∫∞
0
u〈|q|〉−1M⌈|q|⌉X (u)du
)
, q < 0,
(61)
where ⌈|q|⌉ is the ceiling of |q|, 〈|q|〉 = ⌈|q|⌉ − |q| and X is defined in Proposition 5.
Proof. Clearly, the evaluation of the EC under the CIFR policy requires the evaluation of
E〈1/γend〉 = k−1E〈X−q〉. This expectation can be evaluated using the identity [43]
E
〈
Xa1
Xb2
〉
=
1
Γ(b)
∫ ∞
0
ub−1E 〈Xa1 exp(−uX2)〉 du, (62)
where X1 and X2 are arbitrarily distributed RVs, b > 0 and a is a positive integer. For q > 0,
(60) can be readily obtained by setting into (62) X1 = X2 = X , a = 0 and b = q. For q > 0 (61)
can be obtained by observing that X |q| = X⌈|q|⌉ − X〈|q|〉 and setting into (62) X1 = X2 = X ,
a = ⌈|q|⌉ and b = 〈|q|〉, which completes the proof.
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Note that for the special case of q = −1, i.e. for AF transmission, the EC can be expressed
as6
RCIFR(θ) =
1
L
log2
(
1 +
1
M1X(0)
)
. (63)
Finally, a CHF-based evaluation of the EC of diversity receivers, under the TIFR policy, can
be deduced as follows.
Proposition 9. The EC of Lp-norm diversity receivers under the TIFR policy over arbitrary not
necessarily independent nor identically distributed generalized fading channels can be expressed
as
RTIFR(θ) = (1− Pout(γ0))
× log2
(
1 +
1
1
πγ0
Re
{∫∞
0
ΦX
(
ω
δ
)
Eq(ıω)dω
}
)
, q > 0,
(64)
and
RTIFR(θ) = (1− Pout(γ0)) log2 (1+
1
1
πγ0
Re
{∫∞
0
ΦX (ωδ) (ıω)−1−|q|γ(1 + |q|, ıω)dω
}
)
,
q < 0,
(65)
where X is defined in Proposition 5.
Proof. The proof can be readily obtained by evaluating the corresponding integrals with the help
of Parseval’s theorem and then follow a similar line of arguments as for the ones in the proof
of Proposition 6.
VI. PERFORMANCE EVALUATION RESULTS AND DISCUSSION
In this section, the proposed analytical approach previously presented is employed to obtain
the EC of MRC (i.e. L2-norm) diversity receivers, EGC (i.e. L1-norm) diversity receivers and AF
(i.e. L−1-norm) relaying systems. In addition, these three communication schemes together with
the various fading channel models under consideration have been implemented in software and
have been evaluated by means of computer simulations. Their EC performance has been obtained
by Monte Carlo simulations and will be compared with corresponding analytical performance
6For AF transmission, RCIFR(θ) should be divided by L to take into account the fact that L-hop relaying communication
requires L time slots. For the same reason, A should also be divided by L for both ORA and OPRA policies [18].
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evaluation results. The following five case studies have been considered for the overall EC
performance evaluation: a) Dual MRC and EGC diversity receivers operating over GSNM fading
channels under the ORA policy (see Section VI-A); b) EGC diversity receivers over independent
and identically distributed (i.i.d.) GG fading channels under the ORA policy (see Section VI-B);
c) EGC diversity receivers over i.i.d. α-κ-µ (see Section VI-C) and d) α-η-µ fading channels
operating under the ORA policy (see Section VI-D); e) Dual MRC and EGC diversity receivers
and AF relaying systems operating over i.i.d. Nakagami-m fading channels under the ORA,
OPRA and CIFR policies (see Section VI-E).
A. Dual MRC and EGC over GSNM Fading Channels under the ORA policy
We have evaluated the EC performance of dual MRC and EGC diversity receivers over GSNM
fading channels with (m1, m2) = (1.25, 2.25), (ms1, ms2) = (2.3, 1.3), (β1, β2) = (5/3, 4/3),
and (Ωs1,Ωs1) = (3.5, 2.5). The special cases of generalized-K fading, i.e. (β1, β2) = (2, 2), and
Nakagami-m fading, i.e. (β1, β2) = (2, 2) and (ms1, ms2)→ (∞,∞), have been also evaluated.
Fig. 1 depicts the EC of all four channel models as a function of SNR, assuming A = 4. As it
is expected, the EC performance improves as SNR increases. It is also clear that for the GSNM
fading case, MRC slightly outperforms EGC for all SNR values. Finally, it is noted that the
analytical and computer simulation results match very well, thus verifying the correctness of our
analysis.
B. MRC or EGC over i.i.d. GG Fading Channels under the ORA policy
For the GG distribution the PDF of Rℓ is given as [44]
fRℓ(r) =
β (b/Ω)mβ/2 rβm−1 exp
[
− ( b
Ω
)β/2
rβ
]
Γ(m)
, (66)
where β > 0 and m > 1/2 are two parameters related to the average fading severity and Ω is
related to the average fading power as E〈Rℓ2〉 =
(
Ω/m
)2/β
Γ(m+ 2/β)/Γ(m).
1) Exact Analysis: For rational values of β, the MGF of Rpℓ can be obtained in terms of
Meijer’s G-function by using a similar line of arguments as in [45]. For arbitrary values of
β, the MGF can be expressed in terms of the Fox’s H-function by employing the approach
presented in [46]. In what follows, a simple, computational efficient expression for the MGF of
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Fig. 1. Exact analytical EC performance evaluation results for dual MRC and EGC diversity receivers in GSNM fading under
the ORA policy
Rpℓ , valid for arbitrary values of β, will be derived. By employing the definition of the MGF
and performing the change of variables (b/Ω)β/2 rβ = t2, MRpℓ (u) can be deduced as
MRpℓ (u) =
2
Γ(m)
∫ ∞
0
t2m−1 exp
[
−t2 − ut 2pβ
(
Ω/b
)p/2]
dt. (67)
The integral in (67) can be solved by employing a Gauss-Chebyshev quadrature technique as
MRpℓ (u) =
2
Γ(m)
Nt∑
k=1
wktk
2m−1 exp
[
−utk
2p
β
(Ω/b)p/2
]
, (68)
where Nt is the number of integration points, wk and tk are the weights and abscissae, respec-
tively, given in [47].
2) Asymptotic Analysis: Hereafter, we consider the EGC case only, i.e. q = 2. Then, by
using (32), the high-SNR asymptotic EC performance under GG fading with EGC diversity can
be easily deduced. Specifically, by employing a Taylor series expansion of (66) at r = 0, one
obtains
fRℓ(r) ≈
β (b/Ω)mβ/2 rβm−1
Γ(m)
. (69)
By invoking the definitions of the MGF and the gamma function, the MGF of Rℓ when u→∞
can be approximated as
MRℓ(u) ≈
β
(
b/Ω
)mβ/2
Γ(βm)
Γ(m)
u−βm. (70)
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Fig. 2. Exact analytical EC performance evaluation results and their high-SNR approximation for EGC diversity receivers with
L = 3 branches operating over i.i.d. GG fading under the ORA policy (m = 2, β = 1.5)
In Fig. 2, the exact analytical EC performance and high-SNR approximation of EGC diversity
receivers with L = 3 branches over i.i.d. GG fading channels are depicted for various values of
A. All results have been obtained by assuming Nt = 15. It is evident that the proposed high-SNR
approximation provides very tight results for high SNR values.
It is noted that the low-SNR asymptotic EC performance under GG fading with EGC diversity
can be readily deduced by combining (36) and (37)–(41). In Fig. 3, the exact analytical EC and
low-SNR approximation of EGC receivers with L = 3 branches and operating over i.i.d. GG
fading channels are depicted for various values of A. Similarly to the high SNR case it is clear
from these results that the low-SNR approximation is also very accurate.
C. EGC over i.i.d. α-κ-µ Fading Channels under the ORA policy
The α-κ-µ is a very general fading model that includes as special cases several well-known
distributions, namely the GG, the κ-µ, the Nakagami-m and the Rice distribution. For the α-κ-µ
distribution the PDF of Rℓ is given by [48]
fRℓ(r) =
ακ
1−µ
2 (1 + κ)
1+µ
2 µr
α(1+µ)
2
−1
exp [µ(κ+ rα + κrα)]
× Iµ−1
(
2
√
κ(1 + κ)µrα/2
)
,
(71)
where α, µ and κ ≥ 0 are the distribution parameters.
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Fig. 3. Exact analytical EC performance evaluation results and their low-SNR approximation for EGC receivers with L = 3
branches operating over i.i.d. GG fading under the ORA policy (m = 3, β = 3)
1) Exact Analysis: A computationally efficient expression for MRpℓ (u) can be obtained by
following a similar line of arguments as for the GG case, as
MRpℓ (u) = 2 exp[−µκ](κµ)(1−µ)/2
×
Nt∑
k=1
wktk
µIµ−1(2
√
κµtk) exp
[
−u
(
t2k
µ(1 + κ)
)p/a]
,
(72)
where the number of integration points Nt, the weights wk and abscissae tk are given in [47].
Fig. 4 depicts the EC performance of an EGC receiver with L = 3 diversity branches, under
i.i.d. α-κ-µ fading and, as it can be observed, analytical and simulated performance evaluation
results are again in excellent agreement.
2) Asymptotic Analysis: Hereafter, the EGC case is considered, i.e. q = 2. By following a
similar line of arguments as for the GG case, when u→∞ MRℓ(u) can be approximated as
MRℓ(u) ≈ α(1 + κ)µµµ exp(−µκ)Γ(αµ)u−αµ. (73)
Therefore, using (31) and (32) asymptotically tight high-SNR expressions for the EC performance
of the considered system can be readily deduced.
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Fig. 4. Exact analytical EC performance evaluation results for EGC receivers with L = 3 branches operating over i.i.d. α-κ-µ
fading under the ORA policy
D. MRC or EGC over i.i.d. α-η-µ Fading Channels under the ORA policy
The α-η-µ distribution is a very general fading distribution that includes as special cases the
GG, the η-µ, the Hoyt and the Nakagami-m distributions [48]. For the α-η-µ distribution the
PDF of Rℓ is given by [48]
fRℓ(r) =
α(η − 1) 12−µ(η + 1) 12+µrα( 12+µ)−1
exp [−(1 + η)2µrα/(2η)]√ηΓ(µ)
×√πµ 12+µIµ− 1
2
((η2 − 1)µrα
2η
)
,
(74)
where η ≥ 0 .
1) Exact Analysis: Following a similar methodology as for the previous test cases, a novel
expression for the MGF of Rpℓ is deduced as
MRpℓ (u) =
2α
√
π(η − 1) 12−µ(η + 1) 12+µµ 12+µ
p
√
ηΓ(µ)
×
Nt∑
k=1
wktk
α(1+2µ)/p−1 exp
[
−µ(1 + η)
2t
2α/p
k
uα/pη
]
× Iµ− 1
2
[
(η2 − 1)µt2α/pk /(2uα/pη)
]
u−α(1+2µ)/(2p),
(75)
where Nt is the number of integration points, wk and tk are the weights and abscissae, respec-
tively, given in [47].
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Fig. 5. Exact analytical EC performance evaluation results and their high-SNR approximation of EGC diversity receivers with
L = 3 branches operating over i.i.d. α-η-µ fading under the ORA policy (α = 2.4, η = 64.3, µ = 1.2)
2) Asymptotic Analysis: Following a similar reasoning as in the previous cases and assuming
EGC diversity reception, MRℓ(u) can be approximated as
MRℓ(u) ≈
α(η − 1) 12−µ(1 + η) 12+µµ 12+µ√πΓ(2αµ)√
ηΓ(µ)
×
[(η2 − 1)µ
4η
]µ− 1
2
u−2αµ.
(76)
In Fig. 5, the exact EC and high-SNR approximation performance of EGC receivers with L = 3
branches and operating over i.i.d. α− η − µ fading channels are depicted for various values of
A. It is evident that the high-SNR approximation provides exact results, even at moderate SNR
values, and can thus accurately predict the respective effective capacity.
E. Dual MRC, EGC and AF transmission over i.i.d. Nakagami-m Fading Channels under the
ORA, OPRA and CIFR policies
In order to evaluate the EC for the OPRA policy, the CHFs of Rpℓ , with p ∈ {2, 1,−1}, are
required. On the other hand, for the ORA and CIFR policies, the MGFs of Rpℓ can be directly
obtained from the corresponding CHFs as ΦRpℓ (ω) = MRpℓ (−ıω). Using [25, Eq. (3.462/1)],
[25, Eq. (3.326/2)] and [49, eq. (10)] these CHFs can be deduced as
ΦRℓ(ω) =
Γ(2m)
2m−1Γ(m)
exp
(
− ω
2
8m
)
D−2m
(
−ı ωt√
2m
)
, (77)
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Fig. 6. EC of dual MRC receivers under different adaptive transmission policies (m = 1.5, T = 2 ms, B = 100 kHz, average
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Fig. 7. EC of dual EGC receivers under different adaptive transmission policies (m = 1.5, T = 2 ms, B = 100 kHz, average
SNR per branch 0 dB)
ΦR2ℓ (ω) = (1− ıω/m)m, (78)
and
ΦR−2ℓ
(ω) =
2
Γ(m)
(−mıω)m/2Km
(
2
√−mıω) , (79)
respectively.
Hereafter, it is assumed that the bandwidth is B = 100 kHz and the frame duration T = 2
ms. Figs. 6, 7 and 8 depict the EC of dual MRC, EGC and AF systems, respectively, as a
function of the QoS exponent, θ, for ORA, OPRA and CIFR schemes. As it is evident, the
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Fig. 8. EC of dual hop AF systems under different adaptive transmission policies (m = 1.5, T = 2 ms, B = 100 kHz, average
SNR per branch 0 dB)
OPRA policy outperforms both ORA and CIFR for all values of θ. Also, it can be observed that
the OPRA policy converges to the CIFR for large values of θ. Finally, it is noted that for the
case of MRC and EGC diversity receivers, the EC under the OPRA policy has been evaluated
using both MGF- and CHF-based approaches. The incomplete MGF of γend required for the
MGF-based EC evaluation has been computed using the methodology presented in [41]. Our
numerical experiments have shown that the EC performance evaluation results obtained using
the MGF-based approach are identical to those obtained using the CHF-based approach thus
validating the correctness of the mathematical analysis previously presented in Section IV.
VII. CONCLUSIONS
Real-time applications are quite delay-sensitive, requiring an alternative performance metric
rather than the conventional Shannon or outage capacity. Lately, the EC has attracted attention
as a suitable metric quantifying end-to-end system performance under QoS limitations. In this
paper, a novel analytical framework for obtaining the exact EC performance of Lp-norm diversity
reception over arbitrary generalized fading channels and different adaptive transmission policies,
namely OPRA, ORA, CIFR and TIFR, was proposed. The validity of the proposed analytical
methodology was assessed by considering very generic channel fading models that describe
wireless propagation in a more realistic manner than the conventional fading models. The
accuracy of the proposed analysis was substantiated with numerical results, accompanied with
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equivalent performance evaluation results obtained by means of Monte-Carlo simulations.
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